It is generally recognized that soil N 2 O emissions can exhibit pronounced day-to-day variations; however, measurements of soil N 2 O fl ux with soil chambers typically are done only at discrete points in time. Th is study evaluated the impact of sampling frequency on the precision of cumulative N 2 O fl ux estimates calculated from fi eld measurements. Automated chambers were deployed in a corn/soybean fi eld and used to measure soil N 2 O fl uxes every 6 h from 25 Feb. 2006 through 11 Oct. 2006 . Th e chambers were located in two positions relative to the fertilizer bands-directly over a band or between fertilizer bands. Sampling frequency eff ects on cumulative N 2 O-N fl ux estimation were assessed using a jackknife technique where populations of N 2 O fl uxes were constructed from the average daily fl uxes measured in each chamber. Th ese test populations were generated by selecting measured fl ux values at regular time intervals ranging from 1 to 21 d. It was observed that as sampling interval increased from 7 to 21 d, variances associated with cumulative fl ux estimates increased. At relatively frequent sampling intensities (i.e., once every 3 d) N 2 O-N fl ux estimates were within ±10% of the expected value at both sampling positions. As the time interval between sampling was increased, the deviation in estimated cumulative N 2 O fl ux increased, such that sampling once every 21 d yielded estimates within +60% and −40% of the actual cumulative N 2 O fl ux. Th e variance of potential fl uxes associated with the between-band positions was less than the over-band position, indicating that the underlying temporal variability impacts the effi cacy of a given sampling protocol.
Eff ect of Sampling Frequency on Estimates of Cumulative Nitrous Oxide Emissions
Timothy B. Parkin* USDA-ARS C oncern over global climate change has fostered a renewed interest in quantifying N 2 O emissions from soil. Th is has resulted in a greater eff ort to quantify N 2 O emissions from soils under a variety of agricultural management scenarios. Th e U.S. Department of Agriculture, Agricultural Research Service's GRACEnet project (Greenhouse gas Reduction through Agricultural Carbon Enhancement network) is a research program initiated to assess net greenhouse gas emissions from current U.S. agricultural management practices, and to develop practices that reduce emissions (Jawson et al., 2005; Franzluebbers et al., 2006) .
Estimation of cumulative N 2 O fl ux from the soil surface over the time periods required to evaluate agricultural management practices remains problematic. High temporal and spatial variability hinder eff orts to develop predictive estimates of N 2 O emissions (Bouwman et al., 2002) . Th e spatial variability of soil N 2 O fl ux has been characterized in several studies (Matthias et al., 1980; Ambus and Christensen, 1994; Yates et al., 2006) , and reported coeffi cients of variation often exceed 100%. In theory, information on spatial variability can be used to estimate sample number requirements to achieve an estimate with a given precision (e.g., Snedecor and Cochran, 1967) . However, because N 2 O fl uxes typically exhibit skewed distributions, such calculations are complicated. Past attempts to do this have been performed using ln-transformed data, followed by back transformation (Folorunso and Rolston, 1984) , but care must be taken in performing these calculations because of the biases associated with application of Maximum Likelihood techniques to lognormally distributed data (Parkin et al., 1988) . More accurate estimates of sample number requirements can be obtained using the confi dence limit approach for lognormal data described by Land (1972) .
Th e temporal variability of soil N 2 O fl ux has also been characterized. Elevated N 2 O emissions have been observed in response to rainfall, fertilization events, and freeze thaw cycles (Baggs et al., 2003; Bremner et al., 1981; Cates and Keeney, 1987; Clayton et al., 1997; Jacinthe and Dick, 1997; Sehy et al., 2003; Gregorich et al., 2005; Goodroad et al., 1984; Wagner-Riddle and Th urtell, 1998) . Jacinthe and Dick (1997) suggested that peak events of N 2 O fl ux may make a substantial contribution to total N 2 O emissions. Parkin and Kaspar (2006) (Edwards et al., 2003) and automated chambers (Smith and Dobbie, 2001; Brumme and Beese, 1992; Ambus and Robertson, 1998) provide N 2 O emission data at temporal frequencies on the order of minutes or hours, the soil based chambers typically used are deployed and sampled manually. In these situations fl ux measurements may be performed at infrequent intervals (semi-weekly to semi-monthly). Th e accuracy of cumulative N 2 O estimates calculated from fl uxes measured at infrequent intervals is largely unknown. Smith and Dobbie (2001) recognized this problem and subsampled a temporal data set of N 2 O fl uxes measured at 8-h intervals to assess the potential errors of infrequent sampling. Th ese investigators observed that sampling every 3 to 7 d resulted in estimates of cumulative N 2 O loss 14% lower (on average) than the cumulative loss estimate obtained by sampling every 8 h.
Use of infrequent (e.g., weekly) point-in-time measurements of N 2 O fl ux to evaluate eff ects of soil management on cumulative N 2 O emissions from agricultural systems requires better understanding of the consequences of a given temporal sampling protocol with regard to the precision of the estimate obtained. Th us, the objective of this study was to determine the eff ect of sampling frequency on cumulative N 2 O-N fl ux estimation calculated from daily N 2 O fl ux measurements obtained with automated soil chambers.
Materials and Methods

Site Description and Soil Characteristics
A fi eld study was conducted in a chisel plow corn/soybean fi eld on an Iowa State University research farm located in Boone County, Iowa (42.04°N, 93.71°W) . Th e soil is characterized as a Canisteo clay loam soil (fi ne-loamy, mixed, superactive, calcareous, mesic Typic Endoaquolls). In November 2005 anhydrous ammonia was applied at a rate of 168 kg N ha −1 to a depth of 20 cm with a knife injector. Th is fertilizer was applied in bands separated by a distance of 76 cm. On 5 May 2006 corn was planted at 74,074 seeds ha −1 . Surface soil (0-15 cm) was sampled by collecting soil cores (3.35-cm diam.) within and between fertilizer bands at six diff erent positions in the fi eld. In the laboratory, samples were weighed and sieved (2 mm). Subsamples were collected for water content determination by oven drying at 105°C, and the remaining soil was air dried. Air dried samples were ground with a roller mill for organic C and N determination by dry combustion with a CarloErba NA 1500 CHN elemental analyzer (Haakes Buchler Instruments, Paterson, NJ) after removal of carbonates (Nelson and Sommers, 1996) . pH was measured in 1:1 distilled water/soil slurries. Bulk density was computed from the soil sample weights (corrected for water content) and the known core volume. Soil texture analyses were performed by Midwest Laboratories (Omaha, NE). Nitrate (+ nitrite) and ammonium were determined by colorimetric analyses of 2 M KCl soil extracts (4:1 KCl/soil) on a Lachat (Mequon, WI) autoanalyzer following the procedure described by Keeney and Nelson (1982) . Physical and chemical properties of the two soils are shown in Table 1 .
Field Instrumentation and Measurements
Four N 2 O fl ux chambers, similar in design to the automated CO 2 chambers of Parkin and Kaspar (2003) On each day, measurement cycles were initiated at 0000, 0600, 1200, and 1800 h. Fluxes were measured by sliding the cover over the chamber top to close the chamber and allow N 2 O to accumulate in the chamber headspace over a 2-h period. Headspace N 2 O concentrations were measured in each chamber at 0.5-h intervals by pumping approximately 0.1 L of headspace gas through a sample valve attached to a gas chromatograph (SRI Instruments, model 8610, Torrance, CA). Th e gas chromatograph was equipped with an electron capture detector operated at 325°C and a stainless steel HaySep D column (0.03 cm by 1.8 m, 1/8 inch by 6 feet) contained in the column oven operated at 50°C. Nitrogen was used as the carrier gas (20 mL min −1 ). Data from the gas chromatograph was logged on a microcomputer. A vent port (11 mm in diam. by 25 cm long) in each chamber allowed pressure equilibration within the chambers during pump operation. Th ere were no signifi cant pressure diff erentials (>0.1 Pa) between the interior and exterior of the chambers during operation, as measured with digital micro-manometer (Infi ltec model DM1, Infi ltec, Waynesboro, VA). Headspace N 2 O concentrations were determined at 30-min intervals in each chamber, and after 2 h, the chambers were reopened. Th e headspace N 2 O concentration vs. time data were analyzed by linear regression and by the method of Hutchinson and Mosier (1981) .
Each chamber was instrumented with thermocouples to measure air and soil temperature within each chamber. Soil temperature was measured at depths of 0.01, 0.05, 0.1, and 0.2 m below the soil surface. Air temperature in each chamber was measured with a thermocouple suspended approx. 0.08 m above the soil surface. Two soil moisture probes (Delta-T Th eta Probes, Dynamax, Houston, TX) were installed in the surface soil (0.00-0.06 m) of two of the chambers. Temperature and soil water content measurements were made at hourly intervals. A tipping bucket rain gauge (Campbell Scientifi c, Logan, UT) was used to measure hourly cumulative rainfall. Chamber automation and rainfall, temperature, and soil water content data collection was performed with a data logger (CR23X, Campbell Scientifi c 1 , Logan, UT).
Evaluation of Sample Frequency Eff ects
Sampling frequency eff ects on cumulative N 2 O-N fl ux estimation were assessed using an extension of the jackknife technique (Efron, 1979; Efron and Gong, 1983) . For this analysis average daily fl ux measurements were calculated for each chamber using four fl ux measurements collected at diff erent times of the day. Th ese populations of average daily fl uxes were numerically sampled at regular time intervals. Sampling time intervals ranged from 1 to 21 d. Th e resulting sets of fl uxes generated by each jackknife sampling were then used to calculate estimates of cumulative N 2 O-N fl ux by linear interpolation and numerical integration. Th e cumulative fl ux estimates from the jackknife populations were compared to the overall cumulative fl ux obtained from all the daily fl uxes for each chamber. From this comparison, estimates of precision as a function of sampling intensity were obtained. Th e number of jackknifed populations at each sampling frequency was dependant on the sampling frequency that was being evaluated, and ranged from 4 to 42.
Results
Rainfall, soil water content, and temperature were measured at hourly intervals from 25 Feb. through 11 Oct. 2006 (Fig. 1) . During this 229-d period, measurable rainfall (>0.25 mm) occurred on 76 diff erent days (Fig. 1a) . Eleven of these days had rainfall totals exceeding 20 mm. Cumulative rainfall over the period was 611 mm; however, because the chambers were closed 8 h every day (fl uxes were measured in 2-h periods, four times each day) the soil inside the chambers received 418 mm rain. Soil water content measured inside the chambers responded to rainfall events, showing increases during rainfall events and drying between events.
Mean soil temperature (20 cm) was never less than 0°C during the study period, although on DOY 56 and 57 soil temperatures at 5 and 10 cm ranged between −0.7°C and −3.5°C (data not shown). Soil temperatures at 20 cm remained below 10°C until DOY 94, and from DOY 137 until the end of the study average daily soil temperatures were greater than 15°C.
Nitrous oxide fl uxes were low and did not respond to rainfall events over the period DOY 56 to DOY 120. Nitrous oxide fl uxes increased, and distinct peaks in response to rainfall events were observed after DOY 120, with the largest peaks occurring on DOY 193, 194, and 223 . Chambers 1 and 3 were located directly over fertilizer bands and exhibited higher fl uxes than chambers 2 and 4, which were placed between fertilizer bands.
Nitrous oxide emissions were measured four times per day, with 2-h measurement cycles beginning at 0000, 0600, 1200, and 1800 h. Th e impact of time-of-day on estimation of cumulative N 2 O emissions was assessed by considering each measurement time independently (Fig. 2) . In all of the chambers lowest cumulative fl ux estimates were obtained from integration of the fl uxes measured during the 0600-h measurement cycle. Highest cumulative N 2 O emissions were obtained from the 1200 h measurements (Chambers 1 and 2) or the 1800-h measurements (Chamber 3 and 4). Th e biases of these estimates in relation to the cumulative fl ux based on the daily averages are presented in Table 2 . Generally, negative biases (underestimates of cumulative fl ux) were observed in the morning and positive biases (overestimates of cumulative fl ux) were observed in the afternoon. Th e average daily biases that occurred at diff erent times of the day corresponded with average daily temperature changes observed at the 10-cm depth (data not shown). On average, biases ranged from −12.6% to 11.9%. A jackknife procedure was used to determine the infl uence of sampling frequency on cumulative N 2 O fl ux estimation. Interferences due to time-of-day were avoided by using the daily average fl ux estimates for each chamber. Integration of all the daily average fl uxes over the study period resulted in cumulative N fl ux estimates of 6.57 and 5.49 kg N ha −1 for the two chambers placed over the fertilizer bands. Cumulative N 2 O fl uxes for the chambers between bands were 3.49 and 2.48 kg N ha In the implementation of the jackknife procedure, subsets of daily fl uxes were constructed from measured values at regular intervals throughout the sample period. Cumulative N 2 O-N fl ux estimates were then calculated for each subset. Th e time intervals between samples used in these subsets were varied from 2 to 21 d. For each jackknife sample, a cumulative N 2 O-N fl ux was calculated (Fig. 3) . Th e horizontal lines shown in each panel of Fig.  3 indicate the cumulative fl ux estimates for each chamber based on all the measured fl uxes. As the interval between sampling days increased, the spread of potential realizations of cumulative N fl ux also increased. For the chambers over the fertilizer bands the spread of potential cumulative N 2 O-N fl uxes was larger than at the spread of potential fl uxes that could be obtained from the chambers between fertilizer bands. It is likely that the greater spread in potential fl uxes observed for the over-band chambers was due to the greater temporal variations in fl uxes that occurred in Chambers 1 and 3 in response to rainfall events.
Th e infl uence of sample interval on relative spreads of potential cumulative N 2 O-N fl ux estimates for the two sites were obtained by computing the % deviation of each jackknife estimate from the "best estimate" obtained from all the measured fl uxes of each chamber (Fig. 4) . Th is representation yields estimates of the potential errors associated with cumulative fl ux estimation for diff erent sampling intensities. At relatively frequent sampling intensities (i.e., once every 4 d) estimates of cumulative N loss are within ±20% of the expected value at both sites. Even up to sampling intervals of once every 8 d, most of the possible cumulative N 2 O-N fl ux estimates were within ±20% of the "true" value. At sampling intervals greater than 9 d the deviations in estimated cumulative N 2 O fl ux estimates increased, such that sampling once every 21 d yielded potential estimates that exceeded 100% of the expected value of the chambers placed over the fertilizer bands, and were within approximately ±60% of the actual cumulative N 2 O fl ux for the chambers located between fertilizer bands.
Th e variability in potential estimates associated with each sampling intensity is indicated by the variances of the % deviations (Fig. 5) . Th e infl uence of sampling interval on the variances associated with estimated cumulative N 2 O fl ux exhibited Table 2 . Biases associated with cumulative estimates determined from fl uxes measured at diff erent times of the day. Percent bias was calculated in relation to the daily averages of each chamber.
Chamber
Hour of the day 0000 0600 1200 1800 diff erent patterns for the chambers located over the anhydrous NH 3 bands vs. the chambers located between bands. Variances of the deviations from the estimates obtained from the chambers located at both locations remained relatively constant for sampling intervals of 2 to 4 d; however, at sampling intervals greater than 8 d variances associated with the chambers located over the fertilizer bands increased to greater values than the variances of the chambers located between fertilizer bands. Presented in Fig. 6 are the probabilities associated with obtaining estimates of cumulative N 2 O-N loss within a given percentage of the actual N 2 O-N fl ux. Th ese probability estimates were calculated over a range of precision levels. For each site the relationship between sample interval and probability at four precision levels (10, 20, 30, and 50%) was computed. Th is information allows for assessment of how well cumulative N 2 O fl ux was estimated for different sampling intensities over a range of probability levels. For example, for the chambers located over fertilizer bands, to obtain an estimate of the cumulative N 2 O-N fl ux within ±20% of the actual fl ux with a greater than 90% probability, N 2 O fl ux must be measured every 7 d. It is evident from Fig. 6 that for each estimation precision, the probability of obtaining an estimate of cumulative N 2 O fl ux at a given precision decreases as the time interval between sampling increases, and that the rate of decrease is a function of the desired precision. Th us, if the desired precision is only ±50%, then little is gained by sampling every day as compared to sampling every 21 d. However, if the desired precision level is ±10%, then sampling must be performed every 2 to 4 d.
Discussion
Temporal variability has been recognized as a confounding factor in the estimation of cumulative N 2 O-N loss from chamber-based N 2 O fl ux measurements. Despite the potential importance of this issue, guidelines for sampling frequency associated with N 2 O fl ux measurements are not well defi ned. Typically, manual measurements from soil chambers are made on a regular schedule at weekly, biweekly, or monthly intervals; however, little information exists concerning the adequacy of such sampling regimes with regard to N 2 O cumulative fl ux estimation. A notable exception is the study of Smith and Dobbie (2001) . Th ese investigators deployed automated chambers that measured N 2 O fl uxes at 8-h intervals at two sites in 1997 and 1998. Estimates of cumulative N 2 O emissions were computed over a range of time intervals (6-48 d). For each time interval, estimates were computed using all of the available data from the automated chambers and using subsets of the data. It was found that estimates of cumulative N 2 O loss calculated using subsets of data collected at 3-to 7-d intervals deviated by no greater than 14% (on average) from the estimates of cumulative N 2 O based on the data collected at 8-h intervals (Smith and Dobbie, 2001) . From the data these investigators provided (Table 2 of Smith and Dobbie, 2001) , it can be calculated that the deviation of cumulative estimates obtained by data collected at 14-d intervals ranged from +58 to −66% of the cumulative estimates obtained from the data collected at 8-h intervals. Results of the jackknife analysis in this paper are similar to those of Smith and Dobbie (2001) . It was observed that sampling at 3-to 7-d intervals resulted in a spread of deviations that ranged from −18 to +24% of the cumulative estimates obtained using all our chamber data, and that sampling at 14 d intervals resulted in cumulative estimates that ranged from −43 to 64% of the "true" cumulative N 2 O-N emissions.
From the jackknife analysis the probabilities associated with obtaining an estimate with a given degree of precision at diff erent sampling intensities were calculated. Th ese calculations indicate that sampling at 1-and 4-d intervals yields estimates of cumulative N 2 O emissions with a precision of ±10%, more than 80% of the time. However, as sampling interval was increased to once every 7 d, the probabilities of obtaining estimates of cumulative N 2 O losses with a precision of ±10% were 20% for the over-band locations and 70% for the between-band chambers. Th e diff erence in the results observed for the two locations relative to the fertilizer bands is likely due to diff erences in the temporal variability of the N 2 O emissions at these locations. While the general patterns of N 2 O emissions of the over-band and between-band chambers were similar, the between-band chambers exhibited smaller N 2 O emissions peaks following rainfall events. With an infrequent sampling regime the eff ects of sampling or not sampling one of these peak events would be muted in the between-band locations where the amplitudes of these peak events are low. Th e obvious implication of this explanation is that precise effi cacy of a given temporal sampling pattern on cumulative N 2 O estimation is dependent on the underlying temporal variability. Th us, the results of this study should not be taken to be universal. Despite this caution, the similarities between this study and the results of Smith and Dobbie (2001) suggest that at least approximations of the precision of a given sampling protocol can be estimated. Clearly, more work needs to be done to link the underlying temporal variability with assessments of sampling effi cacy. Currently, research is being conducted to assess model predictions of temporal N 2 O emissions patterns (Jarecki et al., 2008) . Availability of simulated data that accurately refl ect natural variations in N 2 O emissions with regard to the widths and amplitudes of peak events would prove to be useful in future eff orts to describe relationships between temporal variability and sampling effi cacy. Th is information would, in turn, allow a posteriori assessment of the accuracy of measured emissions determined using infrequent sampling regimes.
